The electronic, thermoelectric, optical and thermodynamic stability of the full-Heusler compound Co 2 TaAl is investigated under hydrostatic pressure in the range of (25.4 to − 26.3 GPa) within the framework of the density functional theory and the semi-classical Boltzmann theory using the generalized gradient approximation. The Co 2 TaAl compound in the minority spin is an n-type semiconductor with an indirect band gap of about 0.78 eV along Γ-X direction and a spin-flip gap of 0.6 eV. Applying stress led to decreasing the band gap turning the material to a p-type semiconductor; however, it remained n-type but with zero spin-flip gap under strain. The dimensionless Merit coefficient for the spin dn channel of Co 2 TaAl at equilibrium pressure obtained a large value of 0.98 at temperatures below 500 K. The optical properties of this compound, including refraction and reflection coefficients, absorption spectra, and real and imaginary parts of the dielectric function are studied in detail.
Introduction
The extent and a widely used group of Co-based Heusler alloys among the well-known family of Heuslers have been greatly studied in recent years. The results of these studies have shown that these compounds are ferromagnetic halfmetals with 100% spin polarization at Fermi surface that crystallize in the cubic structure of L21. They are, therefore, very interesting materials for spintronic applications and spin-caloric transfer [1] [2] [3] [4] . According to the prediction by Berri [5] , Co 2 TaAl compound is stable in CuHg 2 Ti-type structure which is a ferromagnetic half-metal showing n-type semiconducting behavior with a gap of about 0.74 eV and a spin-flip gap of 0.58 eV at the minority spin. Hence, it can be a good candidate for the spintronics industry. Also, considering studies on the n-type Heusler compounds and their applications in the thermoelectric industry, we were convinced to study the thermal and electronic transport of Co 2 TaAl [1, [6] [7] [8] [9] [10] [11] [12] , since the thermoelectric industry is arena for utilizing dissipated heat and converting it into electricity or the use of cooling converter technology. The efficiency of suitable thermoelectric materials is measured by the dimensionless Merit index (ZT). Metals due to their very low Seebeck coefficient and high thermal and electronic conductivity are inappropriate for use in this field. On the other hand, the Seebeck Coefficient is high for insulators but the high electrical resistance implies to search for materials between metals and insulators, i.e., semiconductors. In recent years, Heusler materials with semiconducting behavior have attracted the attention of many researchers for their use in thermoelectric applications [13] [14] [15] [16] [17] [18] [19] [20] . Hence, in this research, the electronic, optical and thermoelectric behavior of Co 2 TaAl and the effects of applying hydrostatic pressure on these behaviors are studied.
Computational method
The Co 2 TaAl structure was optimized by the density functional theory [21] based on FP-LAPW method using Wien2k code [22] . We used Perdew-Burke-Ernzerhof generalized gradient approximation for solids (PBE-GGA(sol)) [23] to calculate the structural, elastic, and electronic properties of this compound [24, 25] . In the unit cell of this compound, there are four atoms, consisting of two Co atoms, one Ta atom and one Al atom. The muffin-tin sphere radii were chosen in such a way that no charge leakage exists. To achieve appropriate convergence, we chose R mt K max = 7, and 3000 K-points in the first Brillouin zone of 14 × 14 × 14 was applied to Monkhorst and pack, also the Gmax and lmax are selected to 13.5 and 10, respectively [26] . The intervals of hydrostatic pressure were obtained (26.3, − 15.7, 15.1, 25.4 GPa) from the Mornagon diagram according to the Birch-Murnaghan equation [27] . Also, the thermoelectric properties of this Heusler compound, such as electrical conductivity and Seebeck coefficient, were obtained by the BoltzTraP semi-classical code [28] .
Discussion and results

Structural properties
The crystalline structure of the full-Heusler Co 2 TaAl compound is theoretically predicted by Saadi Berri in CuHg 2 Ti-type structure with the (F4-3m) space group [5] . In this structure, the atoms Co, Ta, and Al are in the Wyckoff positions at 4d(3/4,3/4,3/4), 4c(1/4,1/4,1/4), 4b(1/2,1/2,1/2), and 4a(0,0,0), respectively. The values of lattice constant, bulk modulus, the optimized curves for volume and hydrostatic pressures listed in Table 1 were obtained through the self-consistent solution of the total energy at zero pressure, which is in good agreement with the predicted theoretical values. According to the obtained E-V curve, it is clear that Co 2 TaAl is structurally more stable at zero pressure ( Fig. 1 ).
Phase stability
Ab initio thermodynamic theory is a good tool for studying the stability of different surfaces. This theory is capable of examining the stability of different surfaces in real thermodynamic conditions. The theory assumes that each surface is in equilibrium with a gas consisting of the constituent elements of that surface. To quantify the thermodynamic stability of surfaces, the free energy of the surfaces must be investigated. Surface free energy per unit area is defined as follows: [29, 30] In this relation, G is the Gibbs free energy of the surface, N i and μ i are the number and chemical potential of the constituent elements in the structure, and T and P i are the system's temperature and the partial pressure of the elements in the medium, respectively. We show the results of the stability analysis of Co 2 TaAl in the full-Heusler phase by calculating the total energy of the phase diagram in Fig. 2 . As illustrated in this diagram, an allowed region of thermodynamic stability is defined; the phase diagram indicates that Co 2 TaAl is thermodynamically stable in the Heusler phase, which is clear from the hatched area in the figure. Hence, by controlling the growth conditions, i.e., applying effective chemical potentials, it is possible to synthesize the Co 2 TaAl in vitro. The Gibbs free energy of this compound can be calculated in the bulk state according to the chemical potentials of its atoms as follows: 
Electronic properties
One of the main tools to study the physical nature of matter is to investigate electronic behavior. In Fig. 3a , b, the total density of states of Co 2 TaAl is plotted for different hydrostatic pressures. The structure of this Heusler compound in the equilibrium pressure (0 GPa) is found to be a half-metal with 100% spin polarization, with metallic behavior at the majority spin, and semiconducting behavior at minority spin of n-type with an indirect band gap of about 0.78 eV along Γ-X direction and a spin-flip gap of 0.6 eV. The electronic behavior of materials usually changes under pressure; hence, it is a suitable control factor to engineer the physical properties of materials [31, 32] . As shown in Fig. 2 , at negative pressures (strain), the conduction band minimum (CBM) shifts towards the Fermi surface, and even cuts it at − 15.7 GPa. On the other hand, the valence band maximum (VBM) tends to lower energies. Moreover, at − 25.4 GPa, a nearly 100% spin polarization was obtained with no spin-flip
gap. By applying positive pressure, VBM tends to the Fermi surface; while CBM moves away from it, i.e., the material has got a p-type semiconducting nature. It is important to note that positive pressures make the band gap smaller than the equilibrium state, while the spin-flip gap increases significantly; hence, Co 2 TaAl under stress is a very good candidate for spintronics, TMRs and GMRs [33] [34] [35] . One of the tools that one can use to control the thermoelectric property of materials is to manipulate band gap and density of states at the Fermi surface. Thus, by applying stress and changing the gap, the thermoelectric nature and behavior can change. Band structure and pDOS curves of these compounds are plotted and compared for spins up and dn in Fig. 3c Considering all other peaks, it is found that most of the electronic states tend towards lower energies, while at positive pressures a completely different phenomenon occurs; the electronic states shift towards positive energies so that a semiconductor with an indirect gap of 0.38 eV along Γ-X direction is observed at spin dn, which is totally turned to a spin-flip gap. Since DOS diagrams are more localized at positive pressures, one can tell that the compound is electrically and magnetically unstable at these pressures.
Thermoelectric properties
Now, we investigate the thermoelectric parameters of Co 2 TaAl including the Seebeck coefficient (S), electrical conductivity (σ), power factor (PF), electronic contribution to thermal conductivity (K el ), and figure of merit (ZT) in equilibrium and under stress and strain. It is necessary to note that the band structure details such as degeneracies and bands' curvatures provide useful information about the quality of the Seebeck coefficient and power factor. According to the respective Fig. 4c-e , it is observed that in the minority spin at which semiconducting behavior occurred for Co 2 TaAl in equilibrium pressure, CBM at Γ point is due to two electron-pockets and VBM at Γ point is due to three hole-pockets. Also, the CBM band is smoother than the VBM band along Γ-X direction representing a higher effective mass of electrons than holes, and thus the effective figure  Fig. 3 a, b Total DOS curves, c-e Band structure and pDOS of Co 2 TaAl under stress and strain presence of holes in the transport process at this spin channel. The only impact of applying pressure on this behavior is that CBM shifts towards the Fermi surface in negative pressure; while at positive pressure, it is the VBM that shifts towards the Fermi surface, which is a smoother band with respect to the equilibrium state. It is observed in Fig. 4a that the Seebeck coefficient reaches a steady state of a very large negative amount at equilibrium and temperature 100 K, and then reaches its maximum by increasing temperature. Thus, one concludes that the majority of charge carriers are electrons at all temperatures. However, two completely different behaviors are observed for this coefficient at the mentioned positive and negative pressures. Considering the p-type semiconducting behavior for minority spin at positive pressure, the S coefficient is positive and tends to its saturation limit after 600 K; while the negative amount of this coefficient confirms this semiconductor being n-type at negative pressure. Hence, we observe similar behaviors with different charge carriers under stress and strain. Studying electrical conductivity (σ) shows that applying pressure, whether positive or negative, implies meaningfully increasing σ. As it is clear, the conductivity σ is negligible until 600 K, and then increased with a smooth slope because of a big band gap of p-type at spin dn. Since the CBM and VBM touch the Fermi surface under negative and positive pressures, respectively, the conductivity σ is significantly more than that in equilibrium. The conductivity reaches the maximum after 600 K at positive pressure, since the electrons of Co:d-eg and Co:d-t2g degeneracies contribute to conduction. After this temperature at negative pressure, the conductivity still increases by increasing temperature, which is because more degeneracies contribute to conduction at the range of − 1 eV to − 5 eV, providing a great source for electron injection. Similarly, this behavior is observed for electronic thermal conductivity (K el ) with a difference that the amount of thermal conductivity at all three cases is negligible at 0-50 K, and remains negligible up to room temperature in equilibrium since the electrons cannot jump over the gap. Hence, it is observed that one can control the electronic and thermal transport of this compound by applying pressure. The power factor (PF) diagram in Fig. 3b shows that PF is zero up to room temperature in equilibrium and then increases, while at positive pressure reaches the maximum at 600 K. On the other hand, it is considerably big at negative pressure for all temperatures comparing the two other cases. Finally, we investigate the figure of merit for Co 2 TaAl at different pressures. The dimensionless figure of merit coefficient can be calculated via the relation ZT = S 2 T K , with S, σ, and K being the Seebeck coefficient, electronic and thermal conductivity, respectively. At equilibrium, ZT is big (0.98) over the whole diagram especially at low temperatures, and decreases with increasing temperature. While, ZT is small under hydrostatic pressure at low temperatures up to about 400 K, and the equilibrium and under strain state shift to a convergence in their values after 600 K.
Optical properties
Now, we discuss optical properties of Co 2 TaAl under hydrostatic pressure which can be exploited based on the Kramers-Kronig equations. The diagrams in Fig. 4 depict the optical response of Co 2 TaAl versus the incident photon energy in the real and imaginary parts of the dielectric function, absorption spectrum, loss function, reflection and refraction coefficients. It is observed that the static value of ε(ω) is relatively large for the equilibrium pressure, and maximum response to the incident light occurs at the infrared region representing the metallic behavior of this compound. With increasing the energy of the incident photons, the amount of Re ε(ω) decreases with a steep slope and reaches a saturation limit after UV edge. The response under strain is similar to the equilibrium state, but with a small blue shift. However, we observe a big redshift under stress, so that its static value is strongly increased and a great optical response is attained at IR region. At the edge of the visible area, with the sudden decrease in Re ε(ω), a convergence in the optical behavior of the three mentioned states occurs. Thus, at higher energies above UV, applying pressure does not practically affect the optical response. Figure 5b shows the Im ε(ω) curve. In equilibrium, the big values of this curve confirm the metallic properties of the optical behavior of Co 2 TaAl. With increasing the incident photons, Im ε(ω) increases and reaches its maximum at the edge of visible spectrum. Each of these peaks represents an optical transition from an occupied level to an empty level. Hence, one can conclude that most of absorption and transition of excited electrons occur at the visible area. A blue shift is occurred in the diagram of negative pressure, but Im ε(ω) shows a big red shift under stress, so that the main transition peak is in the infrared region. The big amount of the real and imaginary parts of dielectric functions in the state modes has been referred to the metallic nature. Hence, the compound shows a more metallic behavior under stress. Moreover, in Fig. 5 , comparing the diagrams a and b, it is clear that transitions rarely occur at high energies. Figure 5c for the absorption spectrum shows that there is a small gap in the IR region, and then absorption starts more quickly under stress. However, absorption is weaker in the two other states at low energies. As the incident photon energy increases, at about the visible spectrum, the behaviors of the three states are similar, but absorption decreases after 6 eV under stress. While, it increases with a steep slope for the two other states. By comparing the absorption spectrum with Im ε(ω), and considering the fact that at high energies above 6 eV, especially in the states of equilibrium and under stress, electronic transition is decreased but absorption is increased, and also comparing the reflection diagram, one can claim that this material is transparent. The Eloss spectrum shows that at low energies up to about 5 eV, energy loss is zero or so small, so that, absorption which occurred at this region leads to electron transition with the highest quality, and the optical energy loss is negligible. It is obvious from the refraction curve that the refraction coefficient is simultaneously less than unity for the three states under consideration at all energies, considering the small value of Re ε(ω) which even tends to negative values at some energies. In this material, the superluminesence phenomenon occurs regardless of stress or strain.
Conclusion
Using first-principle calculations based on the density functional theory and employing the GGA approximation, the structural, electronic and thermoelectric properties of Co 2 TaAl under hydrostatic pressures are studied. The obtained lattice constant and bulk modulus were in agreement with previous data. It is observed that the band gap in the minority spin for this Heusler compound decreases under stress, i.e., its half-metallic behavior changes, but at last preserves the half-metallic property with 100% spin polarization. Studying optical coefficients and response of this compound under stress shows that the main part of absorption and transport of the excited electrons occurs at the visible spectrum. Under negative pressure, a blue shift has occurred in the optical response of this compound, while a red shift is observed under stress. Studying the transport properties of this compound demonstrates that applying pressure leads to decreasing the figure of merit at minority spin versus the equilibrium pressure. Since the maximum FOM is obtained at low temperatures and is about 0.98, one can propose Co 2 TaAl as a good thermoelectric material for applications in low temperature ranges.
